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(57) ABSTRACT 

An optical alignment apparatus comprising a plurality of 
subapertures and a plurality of detectors. The subapertures 
are optically coupled to a re?ective surface Which formed by 
a plurality of adjustable re?ective segments. Each subaper 
ture falls Within one of tWo subsets. The ?rst subset includes 
those subapertures that are positioned to receive light 
re?ected from a single re?ective segment. The second subset 
includes those subapertures that are positioned to receive 
light re?ected across the abutting edges of adjacent re?ec 
tive segments. Each detector is disposed at a focal plane of 
one of the subapertures and receives light re?ected from that 
subaperture. 

9 Claims, 8 Drawing Sheets 
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METHOD OF CORRECTING ALIGNMENT 
ERRORS IN A SEGMENTED REFLECTIVE 

SURFACE 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The ?eld of the present invention is optical systems, 

particularly optical systems Which include at least one 
segmented re?ective surface and devices for aligning the 
segments of the re?ective surface. 

2. Background 
Imaging systems are frequently deployed on either air 

borne or orbiting platforms for intelligence gathering pur 
poses. Over the years, image processing techniques have 
been developed Which provide the intelligence provided 
through image analysis of terrestrial scenes. Most, if not all, 
of the image processing techniques bene?t from 1) an 
increased image resolution and 2) an increased signal-to 
noise (SNR) ratio. Both of these factors are improved as the 
siZe of the entrance aperture for the imaging system, Which 
is typically de?ned by the siZe of the primary mirror, is 
increased. Unfortunately, the siZe of the entrance aperture is 
often constrained by the physical siZe of components that 
can be lifted into orbit using modern launch vehicle tech 
nology. 
One solution to the physical siZe limitation is transporting 

the primary mirror in segments and assembling those seg 
ments at the platform to create a large primary mirror. A 
segmented mirror, hoWever, introduces its oWn set of com 
plications. Chief among the possible complications is mis 
alignment of the segments, Which may have many sources, 
including vibrations induced by platform motion and opera 
tion of system components such as gyros and coolers. To 
achieve proper functionality of the imaging system, the 
mirror segments are aligned in both “piston” and “tilt”. 
“Piston alignment”, also referred to herein as the “piston 
position”, is the alignment of each segment along the Z-axis, 
Which is generally parallel to the optical axis of the mirror. 
A segment having an incorrect piston position is referred to 
as having “piston misalignment” or “piston error”. “Tilt 
alignment”, also referred to herein as the “tilt position”, is 
the alignment of each segment relative to the x-y plane, 
Which is orthogonal to the Z-axis of each segment. A 
segment having an incorrect tilt position is referred to as 
having “tilt misalignment” or “tilt error”. Both tilt and piston 
misalignments are highly undesirable because they intro 
duce aberrations in the primary mirror, thus degrading the 
overall image quality achievable by the system. 

Conventional adaptive optics have previously been 
designed to correct aberrations in an optical system and 
generally rely upon measuring the Wavefront of light passing 
through the optics of the system using an unresolved bright 
light source. For airborne optical systems, this type of 
adaptive optics often proves unworkable because the scenes 
being imaged generally do not include such a bright light 
source. This di?iculty may be avoided altogether by adop 
tion of a different approach to correcting the optical aber 
rations. 

SUMMARY OF THE INVENTION 

The present invention is directed toWard an optical align 
ment apparatus and a method of correcting alignment errors 
in a segmented re?ective surface. Referring to the apparatus, 
a plurality of subapertures are optically coupled to a re?ec 
tive surface Which is formed by a plurality of adjustable 
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2 
re?ective segments. A detector is disposed at the focal plane 
of each subaperture and is optically coupled to the associ 
ated subaperture. A processor is communicably coupled to 
each detector, and is also communicably coupled to a 
plurality of actuated hexapods, each of Which is coupled to 
one of the re?ective segments. 

In a ?rst separate aspect of the present invention, the 
subapertures are divided into tWo subsets. The ?rst subset 
includes those subapertures that are positioned to receive 
light re?ected from a single re?ective segment. The second 
set of subapertures includes those subapertures that are 
positioned to receive light re?ected across abutting edges of 
adjacent segments. 

In a second separate aspect of the present invention, 
Which builds on the ?rst separate aspect, light is received by 
a subaperture Within the ?rst set of subapertures. Intensity 
measurements of the received light are made and compared 
With intensity measurements from a reference subaperture. 
The processor is adapted to determine errors in tilt alignment 
for the different segments using the intensity measurements. 

In a third separate aspect of the present invention, Which 
builds on the ?rst separate aspect, light from each adjacent 
pair of re?ective segments is received by a subaperture 
Which is Within the second set of subapertures. Intensity 
measurements of the received light are made, and the 
processor is adapted to determine errors in piston alignment 
betWeen the adjacent pairs of re?ective segments using the 
intensity measurements. 

In a fourth separate aspect of the present invention, each 
re?ective segment and each subaperture all have a hexago 
nal shape. 

In a ?fth separate aspect of the present invention relating 
to the method, a subaperture receives an image re?ected 
across abutting edges of adjacent re?ective segments. Spa 
tial frequencies Within the image are used to derive a phase 
plateau value. The phase plateau value is then used to 
resolve the piston difference between the adjacent re?ective 
segments and the piston position of at least one of the 
adjacent re?ective segments is adjusted accordingly. 

In a sixth separate aspect of the present invention, Which 
builds on the ?fth separate aspect, the spatial frequencies 
used are characterized by separations in a predetermined 
direction. The separations may include those Which are 
greater than d/2, Where d represents the maximum Width of 
the subaperture in the predetermined direction. 

In a seventh separate aspect of the present invention, 
Which builds on the ?fth separate aspect, the phase plateau 
is derived ?rst by measuring intensities of the image at select 
spatial frequencies. A Fourier Transform (FT) is then per 
formed on the measured intensities. The Optical Transfer 
Function (OTF) of the subaperture is also determined at each 
of the select spatial frequencies. The phase plateau is derived 
using the FT of the measured intensities and the OTF of the 
subaperture at each spatial frequency. 

In an eighth separate aspect of the present invention, any 
of the foregoing aspects may be employed in combination. 

Accordingly, the present invention provides an improved 
optical alignment apparatus and an improved method of 
correcting alignment errors in a segmented re?ective sur 
face. Other objects and advantages Will appear hereinafter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the draWings, Wherein like reference numerals refer to 
similar components: 

FIG. 1 illustrates a segmented mirror; 
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FIG. 2 schematically illustrates a segment of the mirror 
and the associated measurement and control elements; 

FIG. 3 schematically illustrates a subaperture array; 
FIG. 4 illustrates a pair of subapertures schematically 

superimposed on adjacent mirror segments; 
FIG. 5 illustrates the segmented mirror of FIG. 1 With a 

subaperture array schematically superimposed thereon; 
FIG. 6 illustrates the ordering of an array for tilt error 

computations; 
FIG. 7 schematically illustrates a subaperture placed over 

abutting edges of tWo mirror segments; 
FIG. 8 is a graph illustrating the phase plateau arising 

from adjacent mirror segments; 
FIG. 9 schematically illustrates a system for correcting 

alignment errors of a segmented mirror; 
FIG. 10 is a graph illustrating the aberration reduction in 

an optical system having a segmented mirror as an iterative 
correction process is employed; and 

FIG. 11 illustrates the segmented mirror of FIG. 1 With 
another embodiment of a subaperture array schematically 
superimposed thereon. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

Turning in detail to the draWings, FIG. 1 illustrates a 
re?ective surface 11 formed by thirty-seven re?ective seg 
ments 13. In practice, any number of re?ective segments 
may be used and the center segment 15 of the re?ective 
surface may be omitted, depending upon the application. For 
example, for applications in Which the re?ective surface 11 
forms the primary mirror and light is required to pass 
through the center of the re?ective surface 11, the center 
segment 15 Would not be present. 

Referring to FIG. 2, Which illustrates the con?guration of 
the optical alignment apparatus for each re?ective segment, 
the re?ective segment 13 is coupled to an actuated hexapod 
17 Which enables the re?ective segment 13 to tilt and piston 
independently of all other re?ective segments. A processor 
19 is electronically coupled to and controls each hexapod 17. 
By controlling each hexapod 17, the processor 19 controls 
the tilt and piston position of the re?ective segment 13. The 
processor 19 is also electronically coupled to the sensors 21, 
three of Which are shoWn, through data acquisition electron 
ics 23. Each sensor 21 includes a position sensitive detector 
25 disposed at the focal plane of a lens 27. The lens 27 
de?nes the subaperture for each respective sensor 21 and 
images light from one or more re?ective segments, as 
described beloW, onto the position sensitive detector 25. 
Output signals from each position sensitive detector 25 are 
read out and digitiZed by the data acquisition electronics 23. 
The digitiZed signals are then passed to the processor 19 for 
analysis. 

FIG. 3 illustrates a subaperture array 29 formed by 120 
sensors, although more or feWer may be used as is appro 
priate for a particular con?guration of the segmented re?ec 
tive surface. The detectors associated With this sensor array 
form one or more focal plane arrays (FPA), Where one FPA 
is preferred for most applications for the sake of simplicity. 
The subaperture array 29 is optically coupled to the seg 
mented re?ective surface 11 shoWn in FIG. 1 such that 
optical alignment of each subaperture falls into one of the 
tWo categoriZations shoWn in FIG. 4. 

For purposes of example only, tWo subapertures 31, 33 are 
shoWn superimposed over tWo re?ective segments 35, 37. 
The ?rst subaperture 31 receives light only from the ?rst 
re?ective segment 35. In contrast, the second subaperture 33 
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4 
is positioned to receive light re?ected across abutting edges 
of the re?ective segments 35, 37. FIG. 5 illustrates an entire 
subaperture array 39 superimposed over the segmented 
re?ective surface 11. In this con?guration, tWo subsets of 
subapertures 41 are created. The ?rst subset includes all 
subapertures 41 receiving light from only a single re?ective 
element. The subapertures 41 in this ?rst subset are denoted 
S1, and are also referred to herein as “tilt subapertures”. The 
second subset includes all subapertures 41 receiving light 
from tWo adjacent re?ective segments. These subapertures 
41 are not separately labeled, and are also referred to herein 
as “phasing subapertures”. 
The subapertures in the ?rst subset are used to determine 

and correct the tilt error of each associated re?ective seg 
ment. Like all processes described beloW, this is done While 
the overall optical system images actual scenes. An example 
of the type of scene that may be used is found in the context 
of imaging satellites. Satellites may be used to image many 
different types of terrestrial scenes, Which may be situated 
Within mountains, forests, deserts, or cities. Such scenes are 
re?ected by the re?ective surface, i.e. the primary mirror, 
and are imaged by the subapertures forming the sensor array. 
The principle underlying detection and correction of the 

tilt error for each re?ective segment is that the phases of the 
Fourier Transform components of an image are shifted in a 
precise and different manner When the Wavefront from any 
single re?ective segment is tilted. Speci?cally, the phases 
arising out of the Fourier Transform are shifted linearly With 
increasing spatial frequency. Such linear shifts in the phases 
correspond to a shift in the spatial domain. This shift can and 
is computed to determine the tilt of a re?ective segment. 
The local tilt in a target subaperture may be calculated by 

observing the difference betWeen the image from the target 
subaperture and the image from a reference subaperture. As 
the local tilt changes relative to the tilt of the reference 
subaperture, the image is translated on the position sensitive 
detector associated With the target subaperture. The amount 
of translation may be used to infer tilt. This technique may 
be applied to determine the tilt of a particular re?ective 
segment or the local tilt in a high order subaperture Within 
a re?ective segment. The data is processed over an array of 
L subapertures, ordered by 0<l<L-l as shoWn in FIG. 6. 
Then the change in intensity from the reference frame to the 
Ith subaperture is: 

(1) 

An estimate of the reference intensity may be formulated 
by the intensities in the nth frame and the product of the 
displacements With the spatial intensity gradients as folloWs: 

The mean square error of this estimate is: 

I 

By estimating the intensity gradients in each pixel using 
changes betWeen pixels, the displacements in tilt, Ax and Ay, 
for the entire image, can be calculated subject to the con 
dition of minimiZing the mean square error, E, as folloWs: 
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One algorithm to determine the relative piston position of 
tWo adjacent re?ective segments is based on the principle of 

1E : (4) a phasing plateau in the spatial frequency domain, Which is 
d“ d d d shoWn in FIG. 8. Referring back to FIG. 7, When the 

2. Q _ Ax. _ A . _ . _ =()- d 5 se aration, s, of tWo interferin oints is reater than d/2, ZP , [In,+ [dxIn,]+ y [dylnlln [dxlnll , an P g P g 
then one point must be on one re?ective segment and the 
other point on the other re?ective segment. Since spatial 

d (5) . . . . 

m5 = frequency, K, is a linear function of the separation, s, all 
d d d spatial frequencies Which are contained in the image of the 

2 - Z [101 — [1m + Alt-[Elm] + Ay - [51mm (@1111) = 0- 10 phasing subaperture 43 and Which correspond to separations 
’ greater than d/2 Will exhibit a constant optical path differ 

ence (OPD) error (assuming that both segments are already 
aligned in tilt). This OPD error is also referred to herein as 
the phasing error, and it is proportional to the difference in 
piston position betWeen the tWo adjacent re?ective segments 

2 45, 47. 

Ax - 2 [$10] + Ay - 2 [($10] ($210)] = (6) The underlying theory for the phasing plateau is relatively 
l 1 straight forWard. The convolution theorem states that an 

2 [( IO_ [wt 0% 10]]; and 20 image can be calculated by the convolution of the object 
, With the point spread function (PSF), provided that the PSF 

is invariant. Computationally, this is equivalent to saying 
AX.Z [0).[iIOJ] + Ayz‘lilolz : (7) that the Fourier Transform of an image is equal to the 

7" dy , dy product of the Fourier Transform of the object With the 
d 25 Fourier Transform of the PSF, Where the PSF is the image 

2 [(10 _ I”’)'[Iym]j' that is produced by a point-source object in the plane 
I conjugate to the image plane. The Fourier Transform of the 

PSF is commonly referred to as the Optical Transfer Func 
Finally, using Cramer’s rule and simplifying, the solutions tion (OTF) because it connects the Fourier Transforms of the 

for the displacements in tilt, D,C and Dy, are as folloWs: object and image through multiplication. 

This leads to the set of simultaneous equations: 

(3) 

2 WWW] I 

2 WM» - dyuon 
l 

Z WW0) - MM] 
1 

2 WWW] 
2 [A1, mam] - 2 [A1, - moon] - 

l l 

2 [A1, - M10» Z [All wyuonj 
I 

Z WW0) - MM 2 WW0)? 
l I 

Where the notation of equation (8) has been simpli?ed by: 45 When an image is made for a subaperture Which overlaps 
tWo re?ective segments, as is shoWn in FIG. 7, the image is 
convolved With the PSF of the segmented aperture. Math 

AII = 10 —1”l¥ (9) ematically, the OTF is the autocorrelation of the subaperture 
d (to) Wavefront. Using the vector form of spatial frequencies and 

MUD) : E10; and 50 distances, this means that each value in the OTF(K) is the 
d (11) sum of all points having a separation, s, equal to MK, Where 

dyuo) : @10- 7» is the Wavelength used in forming the image. 
Whenever the separation, s, in the X direction exceeds 

_ _ _ 55 one-half the segment diameter, d/2, then the left point must 
Likewise, the subapertures 1n the second subset may be always he on the left Segment and the right point must 

used to determine and correct the relative piston errors in the always he on the right Segment Any piston difference 
associated re?ective Segments- FIG- 7 Shows a Single Phas- betWeen tWo adjacent re?ective segments Will result in a 
111% subaperture 43 Superimposed across tWO re?ective Seg' constant OPD error in the OTF. The phase shift (in cycles) 
mems 45> 47- This Phasing subaperture 43 is Positioned I0 60 Will then be the OPD error divided by the mean Wavelength. 
receive light from bOth re?ective Segments 45, 47, and thus Since there are many spatial frequencies for all separations, 
falls Within the second subset of subapertures discussed s, Which are greater than d/2, this creates the phase plateau 
above. For purposes of the ensuing description, the Width of 49 shoWn in FIG. 8. The magnitude of the phase plateau 
the phasing subaperture 43 in the X-direction is denoted d, indicates the amount Of phasing error betWeen the tWo 
and the separation in the X-direction betWeen any tWo points 65 adjacent re?ective Segments 
on the re?ective segments 45, 47, the tWo points falling The mathematical equations used to compute the phase 
Within the superimposed subaperture, is denoted s. error are summarized beloW: 
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ITiltSubAp(F):IScene(F)- 0TFnltSubAp(F)> (12) 

Where: 

ITilzSubAp(K) (13) 

is the Fourier Transform of a reference tilt subaperture 
intensity at spatial frequency K, 

ITilzSubAp(K) (14) 

is the Fourier Transform of the scene intensity from the 
reference tilt subaperture at spatial frequency K, and 

OTFTilzSubAp(K) (15) 

is the OTF of the reference tilt subaperture at spatial 
frequency K; and 

IEdgeAp(K'):IScene®- 0TFEdgeAp®> (16) 

Where: 

IEdgeAp(K) (l 7) 

is the Fourier Transform of a phasing subaperture image at 
spatial frequency K, and 

OTFEdgeAp(K) (1 8) 

is the OTF of the phasing subaperture at spatial frequency K. 
Taking the complex conjugation of equation (12), these tWo 
equations result in: 

The Fourier Transform of the image from the reference tilt 
subaperture is conjugated and multiplied by the Fourier 
Transform of the image from an adjacent phasing subaper 
ture to cancel the phase of the scene from the ensuing 
calculation. Consequently, only the phase resulting from the 
piston error betWeen the tWo re?ective segments remains. 
This makes the algorithm independent of the scene being 
imaged except for any present signal-to-noise ratio (SNR). 
The noise performance may be improved by increasing the 
scene illumination and the scene structure. However, so 
many pixels are used for the several hundred HZ measure 
ment rate, that even desert scenes at sunrise tend to function 
very Well for purposes of these calculations. 

The actual determination of the phase error can be made 
by averaging all of the plateau values: 

(19) 

i (20) 

(IEdgeAp (F) ' ITiltSubAp (Kn - 
K>Nyquist Pixel 

GPhaseError = arg 

The above equation exploits all of the spatial frequencies 
above the nyquist pixel. It is, hoWever, possible to also use 
data corresponding to the region beloW the nyquist pixel by 
computing a normalization function, F(K), as folloWs: 

[Amp -FY?I) - HQ — SW? (21) 
F K = 

( ) IIAPUO'APU‘ @dx 

Where 

Ap® (22) 
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8 
is the aperture function for a hexagonal aperture; 

H(§-§) (23) 

is the Heaviside step function; and 

K (24) 

is the spatial frequency corresponding to the separation, s. 
Applying this normalization permits exploitation of the 

loWer spatial frequencies Where the SNR is improved. The 
phase error betWeen adjacent re?ective segments may then 
be calculated by: 

i if (25) 

IEdgeAp(K) ' ITiltSubAp (K) 

F (F) 
ePhaseError = arg [ 

K>Nyquist Pixel 

A schematic of the control processes is shoWn in FIG. 9. 
Light from the scene 51 being imaged enters the optical 
system 53. This optical system 53 includes a segmented 
primary mirror 55, a secondary mirror 57, and at least one 
or more tertiary optical elements 59, at least one of Which is 
a fast steering mirror 61. All of the optical elements Within 
the optical system 53 are optically coupled, and in combi 
nation de?ne the focal plane of the optical system 53. An 
FPA 63 is disposed at a focal plane of the optical system 53 
to record the scene image 65 emerging from the optical 
system 53. A separate tracker FPA 67 is also optically 
coupled to the optical system 53 and is utiliZed to correct full 
aperture tilt of the optical system 53 by making appropriate 
adjustments to the fast steering mirror 61. TWo additional 
Wavefront sensors 69, 71 are also optically coupled to the 
optical system, each of Which includes an FPA. The ?rst 
Wavefront sensor 69 is utiliZed to correct high-order aber 
rations of the optical system. The second Wavefront sensor 
71 is utiliZed to correct tilt and piston errors arising from 
misalignment of the re?ective segments forming the primary 
mirror 55. 
The correction process described in detail beloW uses real 

scenes to make the necessary corrections and can Work Well 
even With a pixel SNR as loW as 0.5. In this process, the ?lter 
SNR increases as the square root of the total number of 
samples, Which in this case is the total number of pixels in 
the image. The process can therefore detect and measure 
signals in the raW data Which are completely invisible to the 
naked eye. By Way of example, if the image siZe is 2000>< 
2000 pixels, Which is su?iciently large for high bandWidth 
scene tracking, then the multiplier to the pixel SNR is the 
square root of the number of pixels. Further, if the pixel SNR 
is as loW as 0.5, then the image SNR is 1000. This is Within 
an entirely acceptable range for space-based optical systems. 
As indicated above, the fast steering mirror 61 is used to 

correct the tracking, i.e., full aperture tilt, of the optical 
system 53. The tracking FPA 67 compares an ordinary 
full-aperture image to a previous full-aperture image during 
the integration time of an exposure. The algorithm discussed 
above in relation to the tilt of a single re?ective segment may 
be applied to determine the image translation relative to the 
earlier reference image. The image translation is corrected 
using the fast steering mirror 61, Which is preferably oper 
ated at a high bandWidth. Since the subapertures used to 
measure segment tilt and piston are much smaller than the 
full aperture, they are proportionately less affected by line of 
sight jitter. Atypical system Would converge the segment tilt 
loop ?rst, folloWed by the segment phasing loop and ?nally 
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stabilize the image using the scene tracker. However, one 
may also begin to operate the scene tracker e?fectively once 
the segment tilt loop has been closed. The resulting image 
Will not be as sharp as a ?nal image but it Will still provide 
a signi?cant level of stabiliZation Which may enhance the 
performance of the phasing sensor. 

Thus typically the ?rst step in the overall process is to 
correct the tilt error of the re?ective segments. The tilt error 
correction is done ?rst because tilt errors can give rise to 
apparent phase differences which might be incorrectly inter 
preted as piston errors. Thus, for purposes of e?iciency, tilt 
errors are corrected before piston errors. 

The control algorithms can be based either on Optimal 
Estimators or Gaussian Estimators. Since a direct measure 
ment of the tilt errors is being made, the Gaussian Estimator 
is preferred. The creation of a Gaussian Estimator is based 
on a simulation of the segmented mirror and an appropriate 
sensor, although a simulation of the actual system may also 
be used. Based on such a simulation, a response matrix, R, 
is formulated to characteriZe the change in the segment tilt 
measurements, M, based on a unit change in the re?ective 
segment tilt of a segmented direct measurement corrector, C: 

MIR-C (26) 

The Weights, W, to be applied to the data can be calculated 
With the Pseudo-Inverse of the Response matrix: 

The data ensemble is the ordered vector of tilts on each 
re?ective segment. The Weights, W, are applied to the data 
to formulate an estimate, E, of the tilts to be corrected: 

EIW-M (28) 

The above estimates are applied to a conventional control 
loop until a point is reached Where improvements in the 
Strehl ratio fall beloW a predetermined value. This prede 
termined value may be 0.01, or as much as 0.1. This value 
may also be outside of this range, as the value depends upon 
the total amount of error correction required for a particular 
optical system and its intended application. 

After completion of the tilt error control loop, an addi 
tional control loop for correction of piston errors is initiated. 
This second control loop is performed simultaneously With 
continuing the tilt correction control loop to decrease the 
in?uence any remaining tilt error has on measurements of 
piston error. The same type of Gaussian Estimator is used for 
this additional control loop, although a statistically opti 
miZed estimator may also be used if the statistics of the 
disturbance are knoWn in advance. For this additional con 
trol loop, the data vector is expanded to include phase 
difference measurements from phasing subapertures along 
With tilt measurements from tilt subapertures. Since there are 
up to six phase difference measurements for every hexago 
nal re?ective segment, the response matrix and the Weight 
matrix are rectangular rather than square. The Gaussian 
Estimator calculates estimates all of the piston errors and tilt 
errors of all of the segments based on the entire data 
ensemble, thereby minimiZing the error due to noise. 

FIG. 10 shoWs the improvements in the Strehl ratio for the 
optical system as tracker correction is implemented, fol 
loWed by the tilt correction and the piston correction. As the 
tracker loop is closed the Strehl ratio improves from 
approximately 0.05. Turning on the tilt control loop further 
improves the Strehl ratio until the correction converges to a 
plateau 73 of about 0.80. Finally, adding the phase control 
loop leads to a plateau 75 as the Strehl ratio approaches unity 
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10 
With each subsequent iteration. The closer the Strehl ratio is 
to unity, the truer the tilt and piston alignments are for each 
re?ective segment. 

High order modes Within each segment may also be 
corrected, assuming that the high-order aberrations are suf 
?ciently degrading to Warrant such a correction. These 
modes are independent of the rigid body errors in the 
segmented primary mirror and generally arise from sources 
such as manufacturing defects in individual optical compo 
nents, contamination of the optical surfaces, and thermal 
distortions of optical surfaces. 
The control process for correcting these high-order aber 

rations is essentially the same for optical systems With and 
Without segmented optics. The principle difference is that 
With segmented optics, the high-order corrections are per 
formed spatially over each segment independently, While 
Without segmented optics the corrections are applied across 
the Whole aperture. 

With a segmented primary mirror, the spatial sampling of 
a Wavefront is made across each segment. In order to detect 
and correct the high-order aberrations With segmented 
optics, the Wavefront is sampled multiple times across each 
segment. FIG. 11 illustrates a subaperture array 81 super 
imposed on a segmented mirror 11 (note that the subaper 
tures in the second subset of subapertures are not shoWn in 
FIG. 11 for purposes of clarity). This subaperture array 81 
may be used to correct high-order aberrations. This subap 
erture array 81 has a cluster 83 of seven subapertures 
sampling the interior of each re?ective segment 13, although 
as feW as four and more than seven may also be employed. 
Each subaperture images the same real scene, and the phase 
of the Fourier Transform from each subaperture is compared 
With the others. A perfect Wavefront Will result in each 
Fourier Transform being identical to the others. In contrast, 
high-order aberrations Will shoW up as different tilt shifts in 
the Wavefront of each subaperture. These local tilts may be 
combined, usually With the Gaussian Estimator techniques 
described above, to identify and correct any high-order 
aberrations Which are present. 

Conveniently, data from these high-order error measure 
ments may also be used to determine the tilt error of any 
re?ective segment by using the tilt error algorithms 
described above. If this approach is taken, the array Will 
consist of the subapertures corresponding to the segment for 
Which the tilt error is being calculated. 

Thus, an improved optical alignment apparatus and an 
improved method of correcting alignment errors in a seg 
mented re?ective surface are disclosed. While embodiments 
of this invention have been shoWn and described, it Will be 
apparent to those skilled in the art that many more modi? 
cations are possible Without departing from the inventive 
concepts herein. The invention, therefore, is not to be 
restricted except in the spirit of the folloWing claims. 

What is claimed is: 
1. A method of correcting alignment errors in a segmented 

re?ective surface, the method comprising: 
receiving through a subaperture an image re?ected across 

abutting edges of adjacent re?ective segments of the 
re?ective surface, the adjacent re?ective segments hav 
ing an unknoWn piston difference; 

deriving a phase plateau value using spatial frequencies of 
the image; 

resolving the unknoWn piston di?ference using the phase 
plateau value; and 

adjusting a piston position of at least one of the adjacent 
re?ective segments. 
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2. The method of claim 1, wherein deriving a phase 
plateau value includes determining optical path differences 
for select spatial frequencies and deriving the phase plateau 
value from the optical path differences. 

3. The method of claim 1, wherein the spatial frequencies 
are characterized by separations in a predetermined direc 
tion. 

4. The method of claim 3, wherein the spatial frequencies 
are further characterized by separations which are greater 
than d/2, where d represents a maximum width of the 
subaperture in the predetermined direction. 

5. Amethod of correcting alignment errors in a segmented 
re?ective surface, the method comprising: 

receiving through a subaperture an image re?ected across 
abutting edges of adjacent re?ective segments of the 
re?ective surface, the adjacent re?ective segments hav 
ing an unknown piston difference; 

determining optical path differences for select spatial 
frequencies of the image, wherein the select spatial 
frequencies are characterized by separations in a pre 
determined direction, the separations being greater than 
d/2, where d represents a maximum width of the 
subaperture in the predetermined direction; 

deriving a phase plateau value using the optical path 
di?ferences; 

resolving the unknown piston di?ference using the phase 
plateau value; and 

adjusting a piston position of at least one of the adjacent 
re?ective segments. 

6. Amethod of correcting alignment errors in a segmented 
re?ective surface, the method comprising: 

receiving an image through a ?rst subaperture following 
re?ection of the image across abutting edges of adja 
cent re?ective segments of the re?ective surface, 
wherein the adjacent re?ective segments have an 
unknown piston difference; 

measuring ?rst subaperture intensities at select spatial 
frequencies of the image; calculating a ?rst subaperture 
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image Fourier Transform (FT) for each of the measured 
?rst subaperture intensities; 

determining a ?rst subaperture Optical Transfer Function 
(OTF) at the select spatial frequencies; 

deriving a phase plateau value using each ?rst subaperture 
image FT and each ?rst subaperture OTF; 

resolving the unknown piston di?ference using the phase 
plateau value; and 

adjusting a piston position of at least one of the adjacent 
re?ective segments. 

7. The method of claim 6, wherein the select spatial 
frequencies consist of spatial frequencies characterized by 
separations in a predetermined direction. 

8. The method of claim 7, wherein the select spatial 
frequencies consist of spatial frequencies characterized by 
separations which are greater than d/ 2, wherein d represents 
a maximum width of the ?rst subaperture in the predeter 
mined direction. 

9. The method of claim 6, wherein deriving the phase 
plateau value includes: 

receiving the image through a second subaperture follow 
ing re?ection of the image off one of the two adjacent 
re?ective segments; 

measuring second subaperture intensities at the select 
spatial frequencies; 

calculating a second subaperture image FT for each of the 
measured second subaperture intensities; 

determining a second subaperture OTF at the select 
spatial frequencies; and 

deriving the phase plateau value using each second sub 
aperture image FT and each second subaperture OTF to 
cancel out a phase of the image within each ?rst 
subaperture image FT and each ?rst subaperture OTF. 


